This study documents the effects of an intra carotid artery injection of a lethal threshold amount of KCN (2.5 mg . kg-I ) on the energy metabolism and his tology of the rat brain. This dose of KCN resulted in a rapid abolition of electroencephalographic activity, which remained essentially absent for up to 3 h. Cerebral me tabolite measurements 0.25 h after KCN infusion indi cated a 52% reduction in cytochrome oxidase activity, a 600% increase in lactate, a 32% reduction in ATP, a 73% increase in ADP, and an 85% decrease in glycogen. Mea surements of the above energy metabolites over the en suing 7 days showed a return to control of all metabolites
It is generally accepted that cyanide has a prom inent effect on the glycolytic and energy metabo lism of tissues such as brain (Albaum et aI., 1946; Olsen and Klein, 1947) . It has further been shown that cyanide can cause cerebral damage in a variety of animal species, and it has been concluded that this tissue damage is the result of cyanide's ability to block the use of O2 in the mitochondria-a form of hypoxia referred to as "histotoxic hypoxia." Studies by Brierley et al. (1976 Brierley et al. ( , 1977 have, how ever, indicated that when cardiovascular and respi ratory function are maintained, no pathological changes are seen in the gray matter of monkeys and rats that have been exposed to acute advanced cy anide intoxication. The results of these studies seem to indicate that when cyanide damages neu ronal structures it does it mainly by circulatory in sufficiency, which arise from cyanide's depressant effect on cardiac function. This conclusion of Bri erley et al. (1976, 1977) was further supported by the earlier study of Levine and Stypulkowski (1959a) , which showed that unilateral carotid artery by 6-24 h. Corresponding to the normalization of energy metabolism was a return of EEG and conscious activity. Histological examination of cyanide-exposed animals re vealed a paucity of change with only one animal at 0.5 h showing several dark neurons, two animals at 1 h with minor pallor of corpus callosum and caudate-putamen, and one animal at 48 h with a small hippocampal infarc tion. It is concluded that it may be impossible to produce a serious enough disruption of cerebral metabolism with KCN injection, to produce neuronal damage by purely "histotoxic" mechanisms. Key Words: Cyanide enceph alopathy-Energy metabolism-Histology.
ligation caused a marked homolateral localization of gray matter lesions in rats exposed to hydrogen cy anide gas.
The objective of this study was to produce a re gional cerebral cyanide intoxication that was suffi cient to abolish consciousness and EEG activity, yet allowed for maintenance of cardiorespiratory function and for long-term survival.
Parameters of energy metabolism, tissue free radical activity, and tissue histology were then se quentially studied for up to 7 days to establish the ability of acute cyanide intoxication to produce a permanent biochemical or tissue lesion under con trolled conditions.
METHODS

Animal preparation and experimental exposures
The experiments were performed on male rats of the Wistar strain (275-325 g) that had free access to food and water. Animals in which recovery was to last up to 1 h were anesthetized with 2% halothane, tracheotomized, paralyzed with tubocurarine chloride, and ventilated with 30% O2-70% N20 with a small-animal respirator. The right common carotid and femoral arteries were exposed and cannulated for drug infusion, blood pressure record ing, and sampling of arterial blood. The atlantooccipital membrane and skull were exposed for later sampling of cisternal CSF and in situ brain freezing. When animals were in a respiratory steady state, KCN (2.5 mg . kg-I body weight) in � 1.0 ml of 0.9% NaCI was infused for 2 min into the right common carotid artery. At the end of 0.25, 0.5, and 1 h exposure to KCN, arterial blood and CSF were sampled and the brain was frozen by pouring liquid nitrogen into a plastic funnel fitted to the exposed skull (Ponten et aI., 1973) . The brain was then removed from the frozen head and stored in a liquid nitrogen freezer for later metabolic assay. Controls were obtained by sampling animals at equivalent times after the intraca rotid infusion of 0.9% NaCl. Animals in which recovery was to last longer than 1 h had their right common carotid artery exposed and cannulated with the animals under ether anesthesia. After the infusion of KCN or 0.9% NaCl, the neck wound was closed and infiltrated with local anesthetic and recovery was followed for 3-168 h. To facilitate brain freezing, surviving animals were sur gically prepared just before the indicated recovery times and sampled as detailed above.
The brains of representative animals from each survival time group were fixed for histological examination by in traaortic infusion of formaldehyde-glacial acetic acid methanol according to the procedure described by Levy et al. (1975) . Electroencephalographic activity was re corded from percutaneous frontal-parietal needle elec trodes (Mingograf 8, Elema-Schonander, Solna, Swe den).
Analytical methods
Arterial Po2, Peo2, and pH were measured with direct reading electrodes (Eschweiler, Kiel and Radiometer, Copenhagen, Denmark) operated at 37°C and the values were corrected for variations in body temperature.
The right cerebral hemisphere was dissected in a refrig erated -22°C glove box and weighed portions were taken for extraction of labile energy metabolites, water soluble antioxidant and thiobarbituric acid reactive (TBRA) ma terial. For labile energy metabolites �200 mg of tissue was homogenized in two volumes of methanol-HCI at -22°C and then extracted with 10 volumes ice-cold 0.3 N perchloric acid (Folbergrova et aI., 1972) . The perchloric acid extracts were centrifuged and the neutralized super natants were assayed for ATP, ADP, AMP, glucose, py ruvate, and lactate by enzymatic fluorometric methods (Lowry and Passonneau, 1972) . The glycogen content of the residues was measured using amylo-l ,4-1 ,6glycosidase as described by Bachelard and Stand (1974) . Blood and CSF were processed as above and were as sayed for pyruvate, lactate, and glucose. Water-soluble antioxidant was determined by reacting an aliquot of a 1: 10 (wt/vol) water extract of the tissue with the stable free radical 2,2,diphenyl-l-picrylhydrazyl and measuring the resultant decrease in optical density at 517 nm (Glavind, 1963) . The amount of antioxidant in the tissue samples was calculated from a standard curve con structed with pure ascorbic acid. TBRA material was as sayed by reacting 0.5 ml of tissue homogenate (1: 10 wt/ vol in 1.15% KCI) with 3 ml of 1 % phosphoric acid and 1 ml of a 0.6% thiobarbituric acid aqueous solution at 100°C for 45 min and measuring the resultant increase of optical density at 540 nm (Uchiyama and Mihara, 1978) . The amount of TBRA in the samples was quantitated by use of a standard curve and internal standards of pure malonal dehyde. Brains for the above assays were prepared in groups that contained all the saline-and KCN-treated an imals of a given recovery period.
Cerebral hemisphere cytochrome oxidase activity was assayed by the method described by Smith (1955) , and activity was expressed as the first-order velocity constant for the oxidation reaction.
Calculations
The results were evaluated statistically using Wilcox on's rank-sum test (Snedecor and Cochran, 1967) .
Materials
The substrates and enzymes for flu oro metric assay were obtained from Sigma Chemical Corp. (St. Louis, MO, U.S.A.) and Boehringer (Montreal, Quebec, Can ada). Malonaldehyde bis-(dimethyl acetal) and 2,2,diphenyl-l-picryl-hydrazyl were obtained from Al drich Chemical Co. (Milwaukee, WI, U.S.A.). All other chemicals used were of reagent or analytical grade.
RESULTS
Clinical and EEG effects
A series of preliminary studies were performed to determine the dose of intracarotid KeN that was associated with severe acute cerebral dysfunction, yet would allow for long-term survival of the ani mals for metabolic and pathologic study. In these studies 3.S-S mg . kg-I KCN resulted in a high in cidence of cardiovascular collapse and death within minutes of injection, whereas doses of 1-2 mg . kg -I were associated with only modest acute clinical dysfunction and incomplete suppression of EEG activity. The dose used in this study-2.S mg . kg-I-produced acute suppression of con scious behavior and abolition of EEG activity in all animals.
The injected KCN resulted in gross alterations of the right cerebral hemisphere EEG pattern ( Fig. 1) . Thus, within seconds of injection the normal elec trical activity was replaced by a flat recording con taining intermittent slow-wave discharges. This pat tern remained for up to 3 h, with subsequent gradual return of a slow-wave-dominated record by 6-24 h. By 7 days the EEG tracings were equivalent to pre injection patterns.
In this study four animals died before brain sam pling; they included one at 0.2S-h, one at I-h, and two at 24-h exposure.
Physiological parameters
The administration of KCN resulted in a moder ate metabolic acidemia that normalized within the first postexposure hour (Table 1 ). The mean arterial Po2, Peo2, and blood pressure of all groups were otherwise maintained within the range of controls. Body temperature was maintained between 36.0 and 37SC in all animals.
Carbohydrate and energy metabolism
The infusion of saline into the carotid artery did not result in significant differences of the measured metabolites in the 0.2S-168 h recovery control ani- mals; therefore, the values from the respective groups have been pooled to give the controls of Tables 2 and 3 . Table 2 shows that KCN produced acute in creases in the blood, CSF and tissue contents of lactate and pyruvate, which were maximal or near maximal at the 0.25-h sampling. Over the following 1-3 h blood and CSF lactate returned to control levels, whereas the tissue lactate remained elevated for up to 6 h. On the assumption of a 3% blood volume, a 20% extracellular volume, and an intra cellular fluid volume of 56% of net weight (Siesj6 et aI., 1972), calculations indicated that the mean in tracellular lactate was maintained at or near 20 /LM . g -1 for the first 1 h of recovery. (Because the CSF in this model is a mixture from right and left ventricles, the assumed value for the extracellular fluid (ECF) lactate of the right hemisphere is prob ably underestimated, and therefore the above cal culated intracellular values are probably � 10% higher than actual values.) Table 3 shows that within 0.25 h ofKCN injection large decreases in ATP and increases in ADP and AMP had occurred. During the following 3 h ADP and AMP returned to control values, whereas ATP showed a continuing reduction up to the 24-h sam-J Cereb Blood Flow Metab, Vol. 9, No.2, 1989 pIing. The effect of KCN on the tissue glycogen was dramatic, with near total depletion being evident within 0.25 h. During the following 3-6 h a gradual restitution of glycogen occurred. Despite the marked initial decreases in glycogen, tissue glucose was maintained at or above control during this pe riod (0.25-3 h). Measurements of the blood and CSF glucose during this period showed increases of 15-20% and 10-15%, respectively, and the calcula tions of the intracellular glucose (see above) con firmed the presence of essentially normal or in creased levels of tissue glucose during this period of lowered tissue glycogen.
Cytochrome oxidase
Cytochrome oxidase activity was established in six saline controls and at 0.25 h in six KCN-exposed animals. The control values were 0.077 ± 0.005 . min -I, whereas KCN animal values were 0.037 ± 0.003 . min -I, which represents an average reduction of 52% in cytochrome oxidase activity 0.25 h after the KCN injection.
Antioxidant and TBRA material
Tissue antioxidant and TBRA are given in Fig. 2, where the values of the various survival groups are plotted as a percentage of their matched saline con trols. The control value for tissue antioxidant was 8.91 ± 0.24 /LEq . g-I (mean ± SEM of 18 sam ples). This parameter showed no significant change during the entire 168-h recovery. The control value for TBRA was 0.26 ± 0.01 f.LM . g-I, which agreed with the values of 0.09-0.28 f.LM· g -I given for brain in the article describing the analytical method (Uchiyama and Mihara, 1978) . No significant change was observed in this parameter during the 168-h recovery.
Pathology
Pathology was assessed by examination of hema toxylin-eosin and luxol fast blue sections obtained from 6 saline and 33 cyanide-exposed animals. The material revealed one cyanide animal at 0.5 h that showed a cluster of three or four dark neurons with a corkscrew-type axon pattern, 2 cyanide animals at 1 h that showed minor generalized pallor in caudate putamen and superior corpus callosum, and one cy anide animal at 48 h that showed a small infarction in the ventrolateral hippocampus (Fig . 3) . In all of the above the changes were restricted to the right hemisphere. In the remaining animals the histolog ical appearance of gray and white matter were judged to be normal.
DISCUSSION
The results of the present study are in agreement with earlier studies that have indicated that it is Values are means ± SEM; n is number of animals. a p < 0.05 compared with controls.
difficult to produce histological evidence of brain damage with a single sublethal dose of cyanide. Thus, in the study of Hurst (1940) it was necessary to give monkeys daily injections of KeN in increas ing doses (5-18 mg) for 23 days to produce the first reproducible histological evidences of brain dam age. A similar experience was reported by Hicks (1950) , who noted in the rat that only rarely did a single dose of cyanide cause destructive lesions of the brain, and that the margin between a sublethal dose with no neurological lesions and one that is lethal is very narrow. This was borne out by the study of Levine and Wenk (1959) in which intravenous administration of KeN in doses sufficient to abolish consciousness in rats (0.65-2.43 mg) resulted in a 50% acute mortal ity rate, and that of the remaining animals 43% had no pathological lesions. These observations prompted Levine and Stypulkowski (l959b) to study rats administered cyanide via inhalation of hydrogen cyanide gas. With this method, which al lowed animals to be exposed to cyanide for a longer duration, they were able to produce a higher inci dence of cerebral lesions. In these studies they also established that to produce white matter lesions the rats had to be exposed to >0.5 h of coma with intact respirations (stage 3), whereas to produce gray mat ter lesions, rats needed to be exposed to advanced nonresponsive coma with evidences of failing res piratory control (stage 4). This relationship of poor physiological state to production of gray matter lesions prompted Brier ley et al. (1976, 1977) to reinvestigate the question of cyanide's ability to produce neuronal lesions in physiologically controlled animals. In these studies, which included observations on both monkeys and rats, gray matter lesions were only seen in two an imals that experienced apnea, cardiac arrhythmias, and marked falls in arterial blood pressure. The re sults of these studies led Brierley et al. (1976 Brierley et al. ( , 1977 to conclude that the entity of histotoxic neuronal damage does not exist.
Although it is difficult to quantitate the severity of the cyanide exposure in the present study, the Values are means ± SEM in fLmol . g -1. a p < 0.05 compared to controls. Values are means ± SEM in fLmol . g-l. a p < 0.05 compared with control.
EEG and metabolic data suggest that the present exposures were at least equivalent in severity to those of major studies available in the literature. Thus, the intracarotid injection of 2.5 mg' kg-1 KCN resulted in rapid loss of EEG activity, and conscious behavior that persisted for 2 or 3 h-a duration that was four to six times longer than the 0.5 h of unresponsiveness that was noted by Levine and Stypulkowski (1959b) to be required for the production of white and gray matter lesions in ani mals given cyanide by inhalation. The only meta bolic data available for comparison are the studies of Albaum et al. (1946) , in which the brains of rats given 5 mg . kg-1 NaCN intraperitoneally were as sayed for cytochrome oxidase activity and labile metabolites. In this study 5 mg . kg-1 NaCN caused agitation, convulsions, cessation of respira tion, and death within 8-13 min of injection. Metab olite values just before animal death revealed a 54% reduction of cytochrome oxidase activity, a 400% increase in brain lactate, a 60% decrease in ATP, a 100% increase in ADP, and a 35% decrease in gly cogen. In the present study at 15 min after the in tracarotid injection of 2.5 mg . kg-1 KCN, the cy tochrome oxidase activity was reduced 52%, lactate was increased 600%, ATP was reduced 32%, ADP increased 73%, and glycogen was reduced 85%. Al lowing for the fact that Albaum et al. (1946) used head immersion in liquid nitrogen to freeze the brain, a method known to result in lower brain ATP values than with the present surface liquid nitrogen freezing method (ponten et aI., 1973), the metabo lite values are remarkably similar. The above met abolic data taken as a whole indicates that a near lethal dose of cyanide, causing deep coma with ab sent EEG activity, is still associated with a considerable residual energy and substrate store in the brain. In addition, the complete restitution of the initial metabolic abnormalities indicates that the effects of cyanide on brain metabolism are revers ible, and that the absence of later histological change has a metabolic correlate. The data is also supportive of earlier studies, which showed that brain tissues in vitro has a relatively high resistance to cyanide (Himwich and Saunders, 1948) those that are required to irreversibly damage brain tissue in vitro (Rothman, 1983) . The severity of the cerebral metabolic abnormal ities produced by the present sublethal dose of KeN were within the limits shown by others to be compatible with complete metabolic and histologi cal restitution. Thus, the present observation of ATP restitution after reductions of 30-50% are com plementary to observations of ATP recovery after reductions of close to 100% in ischemic cat and rat brain (Hossmann et al., 1976; Rehncrona et al., 1980) . The mean cerebral lactate content was in the 12-14 mM· kg-l range during the 1st h of KeN exposure, values that are well below the 20-25 mM . kg-l range proposed to be required for tissue damage in ischemia and hypoxia (Myers, 1979; Rehncrona et al., 1981) . The 50% inhibition of cy tochrome oxidase was metabolically tolerated with out any evidence of lasting mitochrondrial dysfunc-tion. In addition, the data on tissue malonaldehyde and antioxidant content indicated that this level of electron transport blockage does not lead to in creased tissue free radical activity (Demopoulos et al., 1980) . Because any upward modification of the cyanide dosage resulted in death of the animal due to cardiorespiratory failure, the above results indi cate that it may be nearly impossible to produce a serious enough disruption of neuronal metabolism to produce "histotoxic" neuronal damage by the injection of cyanide salts. This suggests that studies that use cyanide as an agent to cause neuronal death in vitro may have no corresponding in vivo situation for their correlation.
